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ABSTRACT
BACKGROUND: The end screw in a fracture 
plate creates the greatest resistance to bending. For 
osteoporotic fractures treated with plates, there is 
some question as to the optimal screw insertion 
technique for the screw farthest from the fracture. 
A locked, oblique end screw was previously shown 
to increase resistance to periprosthetic fracture. 
It is unknown, however, how this end screw con-
figuration would resist pullout when subjected to 
bending.  
METHODS: Narrow, low contact 3.5 mm lock-
ing compression plates with 6 and 12 holes were 
anchored to simulated bone material with material 
properties representing osteoporotic bone. Four 
configurations were evaluated for the end screw: 
perpendicular and angulated 30 degrees away from 
the fracture for both non-locked and locked screws 
(n=6 per group). The constructs were subjected 
to 3 point bending until the peak load and finally 
total construct failure was achieved.  
RESULTS: Peak force, stiffness, energy to peak 
load, and the failure mode of each construct were 
determined. All four 12-hole construct groups 
failed by gross plastic bending deformation of the 
plate at the fulcrum past a previously established 
clinically relevant limit for failure (15°). All 12-hole 
plate constructs failed at statistically higher loads 
and energy than any of the 6-hole plate constructs, 
with the exception of the 6-hole locked, oblique 
construct.  
CONCLUSION: The locked, oblique end screw 
provides equivalent pull out strength for 3.5 mm 
low contact plates regardless of plate length. Com-
bined with its resistance to periprosthetic fracture, 
this end screw configuration appears to be the best 
option for the construct integrity of hybrid plating 
for osteoporotic fractures.
CLINICAL RELEVANCE: Osteoporotic fractures 
are challenging to treat. The current study and 
the existing literature show that resistance to both 
bending loads and refracture at the end of a plate 
are minimized with a locked screw angled away 
from the fracture.  
INTRODUCTION
Osteoporosis has a significant role in fractures of 
the elderly, contributing to 75% of fractures caused by 
low energy mechanisms.1 In 2010, 10 million people 
had osteoporosis in the United States with more than 2 
million fractures related to osteoporosis or osteopenia 
annually.2 The weakened bone presents difficulties with 
fixation, including failure of plate fixation. One mode 
of non-locked plate failure includes the sequential pull 
out of screws starting with the end screw.3 This failure 
mode has been attributed to bending loads;4 such loading 
is a common mechanism for the initial injury as well.5 
Since non-locked plate fixation relies on the screw to 
bone fixation to compress the plate to the bone, failure 
of screw fixation leads to catastrophic failure of the 
construct.3,6 Given its lower density, osteoporotic bone is 
at risk for this mode of failure since it cannot withstand 
significant insertion torque and the potential for stripping 
of the screws is increased.7,8 In addition, the quality of 
bone is an important factor in the pull out strength of 
a screw.1,9 To strengthen construct fixation in osteopo-
rotic bone, both the length of the plate and number of 
screws have been shown to increase the strength of the 
construct.10,11,12 Inserting the end screw at an angle away 
from the fracture has also been shown to increase the 
resistance to screw pullout.4,13
The introduction of locked plates was seen as a po-
tential solution for many of the problems associated with 
osteoporotic fractures.14 As the screw heads purchase 
into the plate holes, a fixed angle is created and obvi-
ates the need for plate to bone compression.3 The fixed 
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Figure 1. Six and 12-hole plates were used to evaluate 4 different 
end screw configurations: non-locked, perpendicular (A), non-locked, 
oblique (B), locked, perpendicular (C), and locked, oblique. The 
rectangles represent the size and position of the bone blocks which 
exhibited the material properties of osteoporotic bone.
angle construct does not require the high insertional 
torque of screws needed in conventional plating, making 
locked plating an effective tool in osteoporotic bone that 
is unable to accommodate such torque.3,7 That said, the 
benefits of locked plating in osteoporotic bone have not 
translated into obvious superiority over conventional plat-
ing across all fractures.15,16,17 Though increased stability 
has been the goal of many biomechanical studies and 
novel constructs, excessive stability can lead to stress 
shielding.10 The lack of a sufficient magnitude of inter-
fragmentary motion can inhibit bone healing, create a 
nonunion, and, ultimately, a fatigue failure of implant.18 
Hybrid plating sought to combine aspects of locked and 
conventional plating to address the drawbacks of the 
use of an all-locked plate.19,20,21 Non-locked screws are 
first used to reduce the fracture to the plate and locked 
screws are used to increase the construct’s stability.22
With hybrid plating techniques, details regarding 
the optimal screw type and orientation are somewhat 
unclear, particularly with regards to the screw farthest 
from the fracture and often in the end of the plate.  After 
the introduction of locked plates, periprosthetic fractures 
occurring through the end screw were a concern.23,24,25 
This is not surprising in light of data which shows 
that the bone stresses are greatest at the end hole.26,27 
Bottlang et al. suggested that a non-locked screw at the 
end of a plate created a more gradual transition between 
the plate and bone.25 This construct was significantly 
more resistant to peri-plate fracture than an all locked 
construct. Peck et al. showed that additional fracture 
resistance could be attained with a hybrid plate that 
used non-locked inboard screws and a locked end screw 
angled away from the fracture.28 While all fractures still 
occurred through the end hole, the increased fracture 
resistance was attributed to two factors. First, there were 
more screw threads engaged in the oblique hole and 
thus more bony tissue had to fail versus a perpendicular 
hole. In addition, the fixed angle feature of the end screw 
augmented implant stability to produce higher failure 
loads and failure energy.28 While the locked, oblique 
end screw provided the greatest resistance to peri-plate 
bone fracture, the influence of this technique on screw 
pullout resistance is unknown.  
The objective of the current study was to evaluate non-
locked and locked end screws in both perpendicular and 
oblique orientations in loading to determine construct 
pullout strength. The constructs were thus subjected to 3 
point bending. More specifically, it was hypothesized that 
the locked, oblique end screw would have the greatest 
pull out strength. The data from the current study was 
then compared to companion studies using the same test 
methodology to propose guidelines for screw insertion 
techniques in osteoporotic bone.
METHODS
The experiment design and test rig were adapted 
from the literature.4 A polyurethane foam model (model 
1522-01; Pacific Research Laboratories, Vashon Island, 
Washington) with osteoporotic properties (=0.16 g/cm3) 
was utilized as it limited inter-sample and intra-sample 
variability. The number of samples per plate construct 
(n=6) was based on previous literature and confirmed 
with a power analysis.4 Eight different plate constructs 
were tested for a total of 48 specimens (Figure 1). All 
plates and screws were 3.5 mm and constructed of 316L 
stainless steel. Twenty four plates were stock, commer-
cially available low contact compression plates and 24 
were modifications of the commercial plate (VOI; models 
3.506 LCCP, 3.512LCCP, and custom; Florida). In all 
stock plates, all holes were non-locked and designed for 
non-locked screws. In these plates, the end screw was 
either placed perpendicular or angled 30o away from 
the fracture site (Figures 1, 2). In the custom plates, 
the inboard holes were also non-threaded, however, the 
end hole was modified with a locked hole. This locked 
end hole was designed for either a perpendicular, locked 
screw or an oblique, locked screw angled 30o away from 
the fracture site.
In all constructs the inboard screws were non-locked 
and tightened to 300 N-mm of torque based on pilot 
testing that indicated this torque was 75% of the mini-
mum torque required to strip the 3.5 mm screw in the 
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Aosteoporotic bone block.29 To isolate the effect of the end 
screw, all inboard screws were identical. Screws were 
placed after drilling pilot holes of 2.5 mm and 2.8 mm for 
non-locked and locked screws, respectively, in compli-
ance with manufacturer and literature guidelines.30 The 
non-locked, perpendicular end screw groups served as 
controls for each plate length, as this construct was pre-
viously used it allows for comparison to prior literature. 
The three remaining groups described above served as 
three test groups by altering the end screw implantation 
parameters: 30o angulated non-locked, perpendicular 
locked, and 30o angulated locked.
The constructs were evaluated in cantilever gap clos-
ing three point bending with a materials testing machine 
(Figure 3, Test Resources 8304, Shakopee MN). A 
hardened steel sphere attached to the test machine’s 
actuator delivered the bending load to the third cantile-
vered hole (Figure 2, 3) of each plate.29,31 The construct 
was attached to a mobile carriage to ensure the load 
remained centered in the plate hole as the plate rotated 
about a rigid fulcrum.4 The bending load was delivered 
with the actuator in position control mode (0.3 mm/
second) until failure of the construct was observed.32, 33 
Failure for all 6-hole plates was observed to be a gradu-
ally increasing load which peaked just prior to loss of 
stable fixation of the end screw. The load then dropped 
acutely; the test was allowed to continue until the end 
screw was grossly loosened from the artificial bone 
block. Following failure, all 6-hole constructs continued 
to resist the continuing deformation as the actuator 
continued to move downward. The post-failure load 
was documented for all 6-hole constructs. In contrast, 
the 12-hole plates plastically deformed in bending such 
that the load continued to increase without a loss of 
fixation of the end screw. To establish a threshold for 
failure, the limit for clinically acceptable bone angulation 
was considered. The 3.5 mm plate used in the current 
study would be suitable for fixation of the forearm. Prior 
studies have shown that angulation of ~15o represents a 
limit above which there would be interference to prono-
supination.34,35,36,37 Thus, in the current study, angulation 
of the plate greater than 15o was considered a failure 
even though the screws were still intact. Evaluation of 
plate deformation or damage to surrounding bone was 
performed via visual inspection by two observers. The 
load data was recorded by a transducer (Model M211-
119, Test Resources, Shakopee, MN, Resolution = 1N) 
attached to the machine actuator. Displacement of the 
cross head was recorded by a transducer (LVDT, Test 
Resources, Shakopee, MN, Resolution = 0.01 mm). All 
data were sampled at 30 Hz.  
The bending load versus displacement was used to de-
termine the peak load, stiffness, and the energy to failure.
As noted above, the 6-hole plates were observed to have 
a focal, readily identifiable peak load which correlated 
with loss of stability for the end screw. The area under 
the load-displacement curve prior to this peak load was 
taken as the energy to failure. In contrast, for the 12-hole 
plate, the peak load was taken as the load that occurred 
when the plate had grossly deformed 15°. The energy 
was likewise calculated to this same peak load. For both 
length plates, the stiffness was taken as the slope of the 
linear portion of the curve (R2>0.99 for all constructs). 
The data from the eight groups were compared using 
an ANOVA with Student-Newman-Keuls post-hoc testing 
(SigmaStat, SPSS) after confirming normal distribution 
of data (= 0.05). In cases of non-normal data, ANOVA 
on ranks was used.
Figure 2. A bending load was delivered to the third hole from a rigid 
fulcrum for all tests. A rigid fulcrum prevented crushing damage to 
the bone block to focus the failure to either the end screw or plate.
Only the end screw varied for the four groups, the inboard screw(s) 
was perpendicular and non-locked for the 6 hole (shown) and 12 
hole plate groups.
Figure 3. The testing rig (A) subjected the constructs to 3 point 
bending until failure of the construct (B). The plates failed by screw 
pullout (C: 6-hole) and plastic deformation (D: 12-hole). (* A rigid 
fulcrum prevented crushing damage to the bone block to focus the 
failure to either the end screw or plate.)
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Table I.
Plate length End Screw Orientation (See Figure 1) Peak Load (N) Stiffness (N/mm) Energy to Peak load (N-mm)
6 Hole
6A: Non-locked, perpendicular 343±50 111±7 588±164
6B: Non-locked, oblique 429±40* 124±13 902±283
6C: Locked, perpendicular 399±37 111±7 834±192
6D: Locked, oblique 470±58* 119±5 1,250±512*
12 Hole
12A: Non-locked, perpendicular 499±49* @ 100±9#& 1,560±346* #@
12B: Non-locked, oblique 480±42* @ 101±15#& 1,469±417* @
12C: Locked, perpendicular 490±23* @ 98±5#& 1,522±205* #@
12D: Locked, oblique 516±12* #@ 104±6 1,656±165* #@
Table 1. Four different end screw configurations were evaluated for 6- and 12-hole plates in 3 point bending until failure of screw fixation was 
achieved. The plates were attached to bone blocks representing osteoporotic bone.
* Significantly different than Group 6A
# Significantly different than Group 6B
@ Significantly different than Group 6C
& Significantly different than Group 6D
None of the 12 hole plate groups were significantly different from the remaining 12 hole groups 
A B C
RESULTS
For all 6-hole plates, construct failure resulted in 
screw pullout without gross deformation of the plate 
(Figure 3). In contrast, all 12-hole plates failed by 
plastically deforming past the 15o threshold.34,35 In the 
12-hole non-locked, perpendicular end screw constructs, 
the screws closer to the fracture pulled out of the bone 
slightly as the plate bent into an arc shape centered over 
the fulcrum (Figure 4), however, this occurred after the 
plate had surpassed the 15o deformation limit.  
There was a trend for the locked, oblique construct 
to exhibit the highest peak to load failure of any 6-hole 
plate (Table 1), which was significantly stronger when 
compared to the non-locked, perpendicular construct. 
The 6-hole non-locked, oblique construct also had a 
significantly higher load to failure than the non-locked, 
perpendicular construct (Figure 1). All of the 12-hole 
constructs had significantly greater loads to failure 
than all of the 6-hole constructs, except for the 6-hole 
locked, oblique construct. While there was a trend for 
the locked oblique 12 hole construct to exhibit the most 
robust performance, none of the 12 hole groups differed 
significantly from the other 12 hole groups for all data.
There were no significant differences for stiffness 
within each plate length subgroup. There was a trend 
or significant difference for all 12-hole groups to be less 
stiff than all of the 6-hole groups. The energy to failure 
for all 12-hole plates was greater than the 6-hole groups 
except the 6-hole locked, oblique design. In general, the 
12-hole plate failure energies were 2 to 3 times magni-
tudes of the 6-hole non-locked and perpendicular locked 
groups. In contrast, the 6-hole locked, oblique construct 
energy magnitudes were only ~20% lower than the failure 
energies from the 12 hole groups.    
The 6-hole plates demonstrated a post-failure phe-
nomenon in which the constructs continued to provide 
resistance to the advancing machine actuator after the 
peak load was achieved (Figure 5, Table 2). The maxi-
mum post-failure loads for the locked constructs were 
approximately twice as great as the non-locked groups. 
As a percentage of the peak load, the locked constructs 
were able to resist the moving actuator with loads which 
were 81-87% of the peak failure load. In contrast, the non-
locked constructs’ post-failure loads were significantly 
less at 36-56%.
Figure 4. Close inspection of the failed 12-hole perpendicular, non-
locked plates revealed that the plate bent at the rigid fulcrum such 
that an arc extended over the bone block. Compared to the gross 
bending of the plate concentrated at the fulcrum, this more subtle 
arc lifted the plate off the bone block and pulled out the two screws 
proximal to the fulcrum. This phenomenon was not observed in the 
other 12 hole groups.
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Table II.
End Screw 
Orientation for 
6-hole plates 
(see Figures 1)
Average Post 
Failure Peak Load 
(N) (see Figure 4)
Normalized post 
Failure Peak 
Percentage
A: Non-locked, 
perpendicular
187±19 56% ± 11%#
B: Non-locked, 
oblique
150±34 36% ± 10%*
C: Locked, 
perpendicular
320±10* # 81% ± 8%* #
D: Locked, oblique 406±21* #@ 87% ± 9%* #
Table 2. Following the peak bending load, the 6-hole plate constructs 
maintained a post-failure phenomenon in which the load did not 
diminish to zero. Rather, the constructs continued to provide resis-
tance to continued bending at lower load than the peak magnitude 
(see Figure 4). The normalized peak is a ratio of the post-failure 
peak load to the peak load for initial failure (Peak Load in Table 1). 
* Significantly different than Group A
# Significantly different than Group B
@ Significantly different than Group C
& Significantly different than Group D
Figure 5. For all 6-hole plates, a post-failure phenomenon was 
observed in which the construct continued to resist load after the 
peak load was achieved. The test was allowed to continue following 
the peak load and the post-failure load was determined. Locked end 
screws exhibited post-failure loads which were nearly as great as the 
failure loads (Table 2).
DISCUSSION
The current study compared the construct strength of 
four plate constructs with the following end screw con-
figurations: non-locked in perpendicular and 30° oblique 
orientations, and locked in the same orientations. All 
four constructs were tested in osteoporotic bone models 
in 3 point bending with 6-hole and 12-hole 3.5 mm low 
contact compression stainless steel plates.  
In the current study all 6-hole constructs failed via 
pullout of the end screw with no gross deformation 
of the plate. The 12-hole constructs all failed via gross 
plastic bending of the plate with no loss of fixation of the 
end screw. Somewhat surprisingly, the failure loads of 
the 6-hole plates were lower, but similar to the load for 
the 12-hole plates at 15° of bending. The magnitude of 
angular deformation was used as a threshold to distin-
guish a plate which could potentially remain functional 
in a clinical setting (as described earlier). There was a 
trend for the locked oblique end screw constructs to 
exhibit the highest peak loads in both 6 and 12-hole 
groups. However, the 6-hole locked, oblique was signifi-
cantly greater than only the perpendicular, non-locked 
controls. The 12-hole plates required significantly more 
energy to failure than the 6-hole plates, with the notable 
exception of the 6-hole locked, oblique construct. There 
was no difference in stiffness between constructs of the 
same length. In general, the 12-hole plates were signifi-
cantly less stiff than the 6-hole constructs. A post-failure 
phenomenon was observed for the 6-hole constructs in 
which there was a second peak load after failure with 
the locked constructs sustaining a significantly higher 
percentage of the load after failure. 
In the 6-hole constructs, both locked and non-locked 
oblique screws had improved pullout compared to the 
non-locked perpendicular screw. This finding is consis-
tent with previous studies which showed that an oblique 
end screw increases pull out strength in non-locked 
plating.4,29 The locked, oblique end screw constructs for 
the 6- and 12-hole plates in the current study tended to 
have the greatest pullout strength and failure energies 
for the respective plate lengths. Additionally, the 12-hole 
locked, oblique group did tend to exhibit a greater failure 
load and failure energy than the 6-hole locked oblique, 
though this difference was not significant. This outcome 
is consistent with prior data demonstrating that longer 
plates are associated with increased pullout strength.11,10 
By using non-locked and locked screws in the same 
construct in the hybrid plating technique, previous stud-
ies have demonstrated improved periprosthetic fracture 
resistance compared to an all locked plate.25,24 Additional 
investigation revealed that a hybrid construct with non-
locked inboard screws and a locked, oblique end screw 
had the greatest resistance to periprosthetic fracture.28 
Non-locked inboard screws allow for compliance with 
described plating techniques for the first screw in a frag-
ment. It is recommended that the non-locked first screw 
be placed in an inboard position for hybrid constructs.21,19 
The current study shows that the hybrid construct with 
a locked oblique end screw is equivalent or stronger 
than the conventional construct in regards to screw pull 
out. The optimal end screw would therefore be a locked, 
oblique screw employed in a hybrid construct with non-
locked in board screws, as it offers improved resistance 
to periprosthetic fracture and the best or equivalent pull 
out strength.
Charpentier et al. used the same experimental method 
as in the current study and described a post failure phe-
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nomenon by which plated constructs maintained some 
load after failure had occurred.29 The locked, oblique 
construct in the current study not only trended toward 
greater load to failure but also had the highest percent-
age of this load maintained after failure. More than 
80% of the failure load was observed following failure 
for both locked 6-hole plates with the locked, oblique 
being superior. Thus, the locked, oblique configuration 
may offer some residual stability to a failed hybrid plate 
construct. Clinically, this may translate into a construct 
that still provides some fixation after failure to prevent 
a fracture from grossly displacing before revision. Such 
stability could help limit pain as well as prevent deformity 
that would be difficult to correct at a subsequent surgery.
A limitation of the current study is that it is con-
centrated on a single mode of failure, namely 3-point 
bending leading to screw pullout or plate bending or a 
combination of the two. This mode was chosen because 
a previous study already evaluated the same end screw 
configurations and their influence on bone fracture at 
the plate ends.28 Thus, the current study added to those 
previous findings as to the superior overall performance 
of an locked, oblique end screw. An additional limitation 
is related to the plates used in the current study (3.5 
mm low contact compression plates) which revealed that 
the failure data for 6- and 12-hole locked, oblique plates 
were not significantly different. Additional testing would 
be needed with smaller and larger plates to determine if 
this phenomenon holds true with plates of other sizes. It 
is reasonable to assume that a thicker plate with greater 
bending resistance would be more likely to fail via screw 
pull out and not gross bending deformation, as seen in 
the 12 hole plates in the current study. The hybrid con-
structs in this study were compared against conventional 
constructs, as was done in previous studies. Though 
locked, oblique end screw constructs were shown to be 
superior to conventional constructs, they were directly 
compared to only one other hybrid construct, the locked, 
perpendicular end screw. Testing and directly compar-
ing a greater variety of hybrid constructs to the locked, 
oblique end screw construct could be done in future 
studies for various modes of failure. Finally, the current 
study used bone blocks to represent osteoporotic bone. 
This method was adopted to reduce the variability of the 
specimens to aid in isolating any differences caused by 
the different end screw configurations. Similar studies 
have used artificial bone for the same reason.25,24,29,28 That 
said, caution is warranted in extending the results from 
the current study to clinical application. For example, 
only one type of simulated bone was used in the current 
study to represent osteoporotic bone. Either stronger or 
weaker bone properties may lead to differing conclusions 
as to the influence of the end screw.  
The data from the current study and the literature 
suggest that plate fixation of osteoporotic fractures 
with 3.5 mm low contact compression plates should 
use a locked, oblique end screw with hybrid fixation 
of the remaining screws. This construct has equivalent 
or greater screw pull-out strength when compared with 
other end screw configurations. Additionally, this design 
has demonstrated superior resistance to periprosthetic 
fracture.28 Further investigations are needed to evaluate 
constructs of different length or plate design to deter-
mine if the locked, oblique end screw is superior in other 
settings. Fatigue testing the constructs from the current 
study could further elucidate the mechanical behavior 
of this design. 
REFERENCES
1. Cornell CN. Internal fracture fixation in patients with 
osteoporosis. J Am Acad Orthop Surg. 2003;11(2)109-
119.
2. Favus MJ. Bisphosphonates for osteoporosis. N Engl 
J Med 2010;363(21):2027-35.
3. Egol KA, Kubiak EN, Fulkerson E, et al. Biomechan-
ics of locked plates and screws. J Orthop Trauma. 
2004;18:488-493.
4. Stoffel K, Stachowiak G, Forster T, et al. Oblique 
screws at the plate ends increase the fixation strength 
in synthetic bone test medium. J Orthop Trauma. 
2004;18(9):611-616.  
5. Johner R, Staubli HU, Gunst M, et al. The point 
of view of the clinician: a prospective study of the 
mechanism of accidents and the morphology of 
tibial and fibular shaft fractures. Injury. 2000;31(Suppl 
3):C45-C49.
6. Ricci WM, Tornetta P 3rd, Petteys T, et al. A 
comparison of screw insertion torque and pullout 
strength. J Orthop Trauma. 2010;24(6): 374-378.
7. Perren, SM. Evolution of the internal fixation of 
long bone fractures. J Bone Joint Surg [Br]. 2002;84-
B:1093-1110.
8. Borgeaud M, Cordey J, Leyvraz PF, et al. Me-
chanical analysis of the bone to plate interface of the 
LC-DCP and of the PC-FIX on human femora. Injury. 
200;31:SC29-SC36.
9. Turner IG, Rice GN. Comparison of bone screw 
holding strength in healthy bovine and osteopo-
rotic human cancellous bone. Clinical Materials. 
1992;9:105-107.
10. Gardner MJ, Evans JM, Dunbar RP. Failure 
of fracture plate fixation. J Am Acad Orthop Surg. 
2009;17:647-657.
11. Sanders R, Haidukewych GJ, Milne T, et al. Mini-
mal versus maximal plate fixation techniques of the 
ulna: the biomechanical effect of number of screws 
and plate length. J Orthop Trauma. 2002;16:166-171.
Volume 37  17
Optimizing Hybrid Plate Fixation With a Locked, Oblique End Screw In Osteoporotic Fractures
12. Tornkvist H, Hearn TC, Schatzker J. The strength 
of plate fixation in relation to the number and spacing 
of bone screws. J Orthop Trauma. 1996;10:204-208.
13. Karadeniz E, Balcik C, Demirors H, et al. Bio-
mechanical comparison of conventional technique 
versus oblique screw placement in plate fixation. J 
Trauma. 2001;70:E84-E87..
14. Tejwani NC, Guerado E. Improving fixation of the 
osteoporotic fracture: the role of locked plating. J 
Orthop Trauma. 2011;25:S56-S60.
15. Bariteau JT, Fantry A, Blankenhorn B, et al. 
Biomechanical evaluation of locked plating for distal 
fibula fractures in an osteoporotic sawbone model. 
Foot and Ankle Surgery. 2014;20: 44-47.
16. Roderer, G, Erhardt J, Kuster M, et al. Second 
generation locked plating of proximal humerus frac-
tures- a prospective multicenter observational study. 
International Orthopaedics. 2011;35: 425-432.
17. Lo EY, Tseng SS, Christiansen BA, et al. Lock-
ing versus nonlocking construct in an osteopo-
rotic, segmental fibular defect model. Orthopedics. 
2013;36:e1262-1268.
18. Epari DR, Kassi JP, Schell H, et al. Timely 
fracture-healing requires optimization of axial fixation 
stability. J Bone Joint Surg. 2007;89: 1575-1584.
19. Freeman AL, Tornetta P, Schmidt A, et al. How 
much do locked screws add to the fixation of “hy-
brid” plate constructs in osteoporotic bone. J Orthop 
Trauma. 2010;24:163-169.
20. Stoffel K, Lorenz KU, Kuster M. Biomechanical 
considerations in plate osteosynthesis: the effect of 
plate-to-bone compression with and without angular 
screw stability.  J Orthop Trauma. 2007;21:362-368.
21. Gardner MJ, Griffith MH, Demetrakopoulos D, 
et al. Hybrid locked plating of osteoporotic fractures 
of the humerus.  J Bone Joint Surg. 2006;88:1962-1967.
22. Estes C, Rhee P, Shrader MW, et al. Biomechani-
cal strength of the Peri-Loc® tibial plate: a comparison 
of all locked versus hybrid locked/non-locked screw 
configurations. J Orthop Trauma. 2008;22:312-316.
23. Sommer C, Gautier E, Muller M, et al. First clini-
cal results of the locking compression plate. Injury. 
2003;34: SB43-SB54.
24. Doornink, J, Fitzpatrick D, Boldhaus S, et al. 
Effects of hybrid plating with locked and non-locked 
screws on the strength of locked plating constructs 
in osteoporotic diaphysis. J Trauma. 2010;69: 411-417.
25. Bottlang M, Doornink J, Byrd G, et al. A nonlock-
ing end screw can decrease fracture risk caused by 
locked plating in osteoporotic diaphysis. J Bone Joint 
Surg. 2009;91:620-627.
26. Cheal EJ, Hayes WC, White AA 3rd, et al. Three-
dimensional finite element analysis of a simplified 
compression plate fixation system.  J Biomech Eng. 
1984;106:295-301.
27. Giannoudis PV, Schneider E. Internal fixation in 
osteoporotic bone. In: Ruedi TP, Buckley RE, Moran 
CG, eds. AO principles of fracture management. Da-
vos, Switzerland: Thieme Publishing; 2007:471-473.
28. Peck JB, Charpentier PM, Flanagan BP, et al. 
Reducing fracture risk adjacent to a plate with an 
angulated locked end screw. J Orthop Trauma. 2015: 
June 30
29. Charpentier PM, Flanagan BP, Srivastava AK, et 
al. Reverse oblique end screws in non-locking plates 
decrease construct strength in synthetic osteoporotic 
bone medium. J Orthop Surg Advances. 2015;24:130-
136.
30. Battula S, Schoenfeld AJ, Sahai V, et al. The 
effect of pilot hole size on the insertion torque and 
pullout strength of self-tapping cortical bone screws 
in osteoporotic bone. J Trauma. 2008;64(4):990-995.
31. Zehnder S, Bledsoe JG, Puryear A. The effects 
of screw orientation in severely osteoporotic bone: a 
comparison with locked plating. Clinical Biomechan-
ics. 2009;24:589-94.
32. Robert KQ, Chandler R, Baratta RV, et al. The 
effect of divergent screw placement on the initial 
strength of plate-to-bone fixation. J Trauma. 2003;55: 
1139-1144.
33. Bekler H, Bulut G, Usta M, et al. The contribu-
tion of locked screw-plate fixation with varying angle 
configurations to stability of osteoporotic fractures: 
an experimental study. Acta Orthop Traumatol Turc. 
2008;42:125-129.
34. Matthews LS, Kaufer H, Garver DF, et al. The ef-
fect on supination-pronation of angular malalignment 
of fractures of both bones of the forearm. J Bone Joint 
Surg. 1982;64: 14-17.
35. Schulte LM, Meals CG, Neviaser RJ. Management 
of adult diaphyseal both-bone forearm fractures. J Am 
Acad Orthop. 2014;22:437-446.
36. Jayakumar P, Jupiter JB. Reconstruction of mal-
united diaphyseal fractures of the forearm. Hand 
(NY). 2012;9:265-273.
37. Stewart RL. Operative treatment of radius and ulna 
diaphyseal nonunions. In: Wiesel SW, Hunt TR, 
Kozin SH. Operative Techniques in Orthopaedic 
Surgery. 1st  ed. Philadelphia: Lippincott, Williams, 
and Wilkins; 2011. 
